Electromagnetic radiation is known to be associated with certain gravitational waves events, i.e. the collision of binary neutron stars. Establishing this connection is non-trivial. However, if electromagnetic counterparts could be produced by directly converting gravitons into photons, then a simple smoking gun test exists linking the two events. This model uses the general and conversion mechanism discussed by Raffelt and Stodolsky. Furthermore, because this mechanism is generic to the symmetries of general relativity and the standard model and because it assumes a quantised gravitational field, we may probe both the existence of the graviton and the scale at which quantum gravity effects (and thus very high-energy phenomena) become relevant using simple low-energy experiments.
Introduction
Electromagnetic counterparts are known to be associated with the production of gravitational waves [1] in some cases, i.e. binary neutron star mergers and possibly black hole-neutron star mergers. These counterparts are formed via, as yet, unknown astrophysical processes, see [2] for some suggestions. The merger of binary neutron stars produce radiation across the entire electromagnetic spectrum [3] in the form of gamma-ray bursts and broadband afterglow when these gamma-rays interact with the interstellar medium [4] . Associating the gamma-ray burst with the gravitational wave event is non-trivial. This is because localizing events in the sky is difficult due to the low accuracy inherent in gravitational astronomy. It took an international effort to pinpoint the source of the electromagnetic radiation and conclude that the event was in range of the neutron star pair.
It would therefore be beneficial to find a simple method for localizing the gravitational wave event and it's connection to gamma-ray bursts. Here we propose such a simple model that may be used to explain the origin of the electromagnetic radiation accompanying the gravitational waves, with the advantage of being a smoking gun test requiring less observational effort. That is, we show that it is possible to draw conclusions about the corresponding electromagnetic radiation using only low-frequency observations. Plausible low frequency experiments include SKA-Low and a lunar based radio telescope.
The notion that photons and low-mass/zero-mass bosons, such as the graviton, can mix has been well studied in the literature. The concept stems from the earlier treatment of axion-photon mixing [5, 6] . The model uses the idea of 'mixing', described by Raffelt and Stodolsky [7] , and later by Horns et al [8] , to allow gravitational waves consisting of gravitons to be directly converted into photons as they pass through an external magnetic field. Of course, this implies that the gravitational field is quantized. Therefore, this model also provides a potential way to probe quantum gravity and its associated energy scales. Using the characteristics of relatively well studied environments, such as the known external magnetic field, their size and a phenomenological energy scale M, we may compute the probability that gravitons are converted to photons in the weak mixing limit.
The goal is to then find the parameter M through observation of the spectra associated to the gravitational wave event and its associated electromagnetic radiation due to conversion. Then we compute the conversion probability and compare to the phenomenological value for M which in the case for graviton-photon mixing is just M Pl , the Planck mass. We would therefore be able to place a bound on the energy scale through any deviation from the Planck mass. Furthermore, such an observation would determine the existence of the graviton and therefore that the gravitational field is quantized.
We show that the conversion probabilities using M Pl are large enough to ensure that a significant amount of energy results from the conversion of gravitons into photons. This is promising because these large energies yield potentially observable fluxes which may be detected by lowenergy experiments, providing a radio window onto quantum gravity.
Electromagnetic sources are easier to locate than gravitational wave sources. Since the electromagnetic radiation is directly created from the gravitational waves, they will originate from the same location. Therefore, this mixing mechanism provides a simple way to locate electromagnetic counterparts and conclude whether they are in fact linked to the gravitational waves. One can then determine, with less international coordination, whether gamma-ray bursts are associated with the merger of two neutron stars.
Section 2 provides a brief overview of the theoretical treatment of the mixing of gravitons and photons. Our results are then presented in Section 3 and we draw conclusions in Section 4.
Theoretical Background
Raffelt and Stodolsky present a mechanism for the direct conversion of gravitons into photons and vice versa. This process is governed by the two photon vertex in the first half of the Feynman diagram shown in figure 1. Note that a third virtual photon, provided via an external magnetic field, also appears. This process works for zero-mass/low-mass particles passing through an external magnetic field. The Lagrangian density governing this interaction is given by [9] 
where
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where L EM is the Lagrangian density of the electromagnetic field, L EH is the linearised Einstein-Hilbert Lagrangian and finally, L QED is the Lagrangian density accounting for QED effects due to vacuum polarization, also called the Euler-Heisenberg Lagrangian. The electromagnetic field tensor is given by F µν , andF µν = 1 2 ε µνρσ F ρσ is its dual and h αβ is the graviton field. The electron mass is given by m e and α ≈ 1/137 is the fine structure constant.
From the Euler-Lagrange equations one obtains the equations of motion [7] 
where ∆ , ∆ ⊥ are the momentum differences of the respective modes (polarizations) compared to photons of the same energy. The off-diagonal components are given by ∆ M = (B e /2M) sin Θ with Θ the angle between the external field direction and the photon momentum. The energy scale M represents a phenomenological parameter indicating interaction strength [7] . The strength of the mixing is proportional to the ratio of the off-diagonal to the difference in diagonal terms:
where θ is the mixing angle. The general solution to the above equations of motion, using the mixing angle θ , is given by
is the mixing matrix and {1, 2} run over {⊥, }. Here we consider only the well known weak conversion/mixing limit, in which the photon/graviton energy is well below the critical energy, i.e. the energy for which the mixing becomes significant. This also implies that θ << 1 in (2.8).
Supposing that gravitational waves are made up of gravitons, we may apply this mechanism to produce direct electromagnetic counterparts from the gravitational waves themselves via this conversion process. The fraction of gravitational radiation converted into electromagnetic radiation depends, in the weak mixing limit, only on the external magnetic field B e , the size of the source R and the graviton coupling g = 1/M where M = M Pl is the Planck mass in this case as in [7, 8] 
Thus larger field environments allow for further travel of gravitons and therefore allow more conversions to take place. We use (2.9) in the computations that follow.
This conversion fraction is also given by f = E EM /E GW so that the total energy released may be written as E T OT = (1 + f )E GW = E GW + E EM . Obtaining an f by experimental means then implies knowing the relationship between the spectra for the gravitational waves and the corresponding electromagnetic radiation. That is, by what fraction is the flux smaller in the electromagnetic radiation as compared with the gravitational wave spectrum. Table 1 : Order of magnitude estimates for conversion probability f and the flux F for specific well characterized environments. B e is the external magnetic field for the given environment and R is the size of the environment. The energy released as gravitational waves was E GW = 10 51 ergs. The data was sourced from the following references: [7] for the pulsar magnetosphere and the white dwarf, [10, 11] for the ISM, [12] for Coma, [13] for the Radio Galaxy and [14] for the starburst galaxy. Table 1 provides order of magnitude estimates for the conversion probability and the resulting electromagnetic flux given an external magnetic field B e , a characteristic size R and a distance d from earth, see Table 2 . These values are calculated within the weak mixing limit. Using these relatively well characterized environments will allow one to infer an energy scale for quantum gravity effects. We will now discuss this in some detail.
Results and Discussion
The conversion probabilities in Table 1 are calculated using the phenomenological value for the graviton coupling g = 1/M Pl where M Pl is the Planck mass, roughly 10 19 GeV. The total flux F for each event is calculated using t = 10 −3 s, the time in which the energy is released, corresponding to the gravitational wave event [1] , and the distance d, shown in Table 2 , as well as the conversion fraction. Spectral studies will be considered in future work. The total energy released in gravitational waves, considered here, is roughly 10 51 ergs [15] . The energy released as electromagnetic radiation is then E γ = f E GW .
One can see from Table 1 that the energy released through the conversion of gravitons to photons using the mechanism detailed by Raffelt and Stodolsky remains significant, similar in magnitude to solar flares occuring on the surface of the sun [16] . Furthermore the fluxes are quite bright and therefore potentially detectable. Since the gravitational wave spectrum appears over low frequencies, the resulting electromagnetic spectrum, which is directly related here, will appear over the low frequency band as well. This means that the maximum flux will occur around a few hundred Hertz. However since the fluxes are quite large we expect them to remain significant, upon extrapolation, to higher energies. Possibly even into the SKA-Low frequency band. Thus using low frequency radio experiments like SKA-Low and a hypothetical lunar based telescope, it Table 2 : Order of magnitude distance from earth for given sources in centimeters and parsecs.
seems plausible that events in which gravitational radiation is directly converted into photons could be detectable.
We require an electromagnetic emission that comes directly from conversion of gravitons into photons. That is, there should not be another astrophysical explanation for the electromagnetic radiation. Provided that a candidate event, i.e. a binary neutron star merger, is observed, resulting in a electromagnetic spectrum, we may compare this spectrum to the gravitational wave spectrum coming from the corresponding gravitational wave event. Comparing the spectra will provide us with a fraction which is equal to the conversion probability f , i.e. we calculate the fractional change in energy from the gravitational waves to electromagnetic energy. This is simplified since the spectra will both have the same shape, in other words the distribution of photons will be the same but at half the frequency (since one graviton produces two photons with half the energy). From this value for f we may infer a value for the graviton coupling g using (2.9). This mechanism then provides a unique and simple way for probing the energy scales for quantum gravity. Using these spectra, we are able to place bounds on possible values for g which may deviate from 1/M Pl .
Conclusion
Provided the weak mixing limit holds, we may use (2.9) to calculate f . We did this using the phenomenological value of g = 1/M Pl . This gives us a reference when comparing to observation. The environments considered herein are relatively well characterized and produce conversion probabilities that are large enough to ensure a large total flux F is obtained. Spectral studies will be conducted in future.
This approach to producing electromagnetic counterparts, via the direct conversion of gravitons into photons, illuminates possible avenues for studying the existence of the graviton and its energy scale using simple low-energy experiments such as lunar based radio observatories and possibly even SKA-Low.
Additionally, a test is provided for localizing a gamma-ray burst event so as to determine whether it has been produced by some gravitational wave event, such as merging binary neutron stars, in its vicinity. Since the electromagnetic radiation is proposed to come directly from the gravitational wave event, the radiation will come from the same area in the sky. This is why the localization would be simpler. This is a useful way of determining the relationship between gamma-ray bursts and gravitational wave events using a single low-energy experiment. 
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